Photoluminescence ͑PL͒ properties of a blue In 0.3 Ga 0.7 N multiple-quantum-well ͑MQW͒ diode with an additional n + -doped In 0.18 Ga 0.82 N electron reservoir layer ͑ERL͒ have been investigated at 20 K as a function of reverse bias under indirect barrier excitation. A PL intensity ratio of MQW/ERL is observed to be significantly quenched by increasing the reverse field due to electron-hole separation and carrier escape, in spite of observed blueshifts, when the excitation power is decreased by two orders of magnitude. The PL intensity reduction suggests that the hole escape process plays an important role for determination of the PL efficiency under the reverse bias. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2723683͔
Despite the realization of blue and green light-emitting diodes ͑LEDs͒ based on InGaN / GaN quantum-well ͑QW͒ heterostructures, 1,2 the origin of the very bright emission characteristics is still controversially discussed. 3-8 A peculiar property of this material system is the observation of efficient luminescence, although the density of misfit dislocations can be as high as 10 10 cm −2 . Therefore, we expect the existence of a particularly important mechanism, which is responsible for the enhancement of the radiative efficiency in the presence of a very high defect density. Previously quantum confinement effects on the InGaN alloy well and efficient carrier capturing by the localized radiative recombination centers have been claimed to be important for the origin of the high emission efficiency. Quite recently, importance of very efficient hole capture processes by localizing valence states associated with atomic condensates of In-N for radiative recombination efficiency is pointed out. 9, 10 Thus, all of the previous studies infer that carrier capture processes toward radiative recombination centers and prohibition of escape to nonradiative defective sites play an important role for the determination of the radiative recombination efficiency. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] In relation to assessment of the radiative recombination efficiency, we have recently investigated the temperature dependence of the electroluminescence ͑EL͒ intensity for a specially designed blue InGaN / GaN multiple-QW ͑MQW͒-LED containing an additional n + -doped InGaN electron reservoir layer ͑ERL͒. 14, 15 This LED exhibits a significant improvement of the EL efficiency, in particular, for lower temperatures, when a forward bias necessary to obtain a certain injection current is high due to the reduced hole conductivity.
In this letter, photoluminescence ͑PL͒ properties of the blue InGaN MQW-LED with ERL have been investigated with a special emphasis on external field effects on the radiative recombination processes. The existence of n + -type ERL below the active MQW layer allows us to monitor how the photogenerated carrier distribution across the active MQW region influences the PL efficiency by changing exci-tation power as a function of field strength. Observed PL intensity reduction induced by the reverse fields suggests importance of hole escape processes from the MQW for the determination of the PL efficiency.
An InGaN / GaN MQW-LED with an additional n + -doped In 0.18 Ga 0.82 N ERL was grown by metal-organic vapor-phase epitaxy. 16 The emission region of the LED consists of a triple In 0.3 Ga 0.7 N QW with a nominal width of 2.5 nm separated by 6.5 nm GaN barriers. Details of the MQW-LED heterostructure were described previously. 15, 16 PL spectra have been recorded over a wide spectral range as a function of forward and reverse bias voltages at 20 K with a lock-in detection technique, using a He-Cd laser at 325 nm for indirect photoexcitation at various excitation powers of 0.1-10 mW ͑power density of ϳ1-10 2 W/cm 2 ͒. Figure 1͑a͒ shows PL spectra of the diode taken with a 10 mW laser power and at 4.25, 2.0, 0, and −3.0 V. When excited from the surface p-GaN cap layer, the MQW diode shows a main blue MQW emission band around 480 nm, which is strongly redshifted due to carrier localization from absorption band tails, as confirmed by photocurrent spectra ͑not shown͒. In addition to the main blue emission band, a distinct PL band at 405 nm is observed only for the diode with ERL, but not for a similar MQW diode without it. Therefore, the PL band at 405 nm is identified as originating from the ERL located below the active MQW layer. A broad short-wavelength emission band is also observed around 380-440 nm, the origin of which is not clear at present. A small but sharp PL band observed at 355 nm is ascribed to bound excitons in the GaN layers. A broad PL band due to yellow emissions around 575 nm is also observed, only when the GaN barriers are indirectly photoexcited. When the forward bias is decreased and the reverse bias is increased to −3 V, the PL intensity of the main blue band is considerably decreased, accompanying blueshifts, while the emission intensity of the n + -doped ERL remains the same without any peak shifts. These results indicate that the external field is applied to the MQW region only and that the quantum confined Stark effect results in the compensation of the internal piezofield, which is opposite to the p-n junction field direction. 5, 13 On the other hand, when the excitation power is decreased by two orders of magnitude to 0.1 mW, two substantial differences appear in the PL spectra, as shown in Fig. 1͑b͒ . That is, a PL intensity ratio of MQW/ERL is observed to be drastically increased at a forward bias of 4.25 V ͑near the flatband condition͒ due to a decrease of photon penetration depth ͑relative decrease of the ERL emission͒ and preferential photoexcitation of the front MQW region near the p-type clad layer. Secondly, the MQW PL intensity is significantly quenched by increasing the reverse field due to field-induced electron-hole separation and resultant carrier escape, in spite of observed blueshifts. Figure 2 shows normalized, wavelength-integrated PL intensity for MQW and ERL as a function of applied reverse bias at excitation powers of 0.1, 1.0, and 10 mW. It is clear that the PL intensity for MQW significantly decreases with increasing the reverse field and the reduction is stronger under the weak excitation power, while the ERL emission remains to be nearly constant. This field-induced PL intensity reduction dependent on the photoexcitation power suggests that the hole escape pro-cess plays an important role for determination of the blue PL efficiency under the reverse bias conditions, as discussed in the following.
The bias dependence of the PL spectra significantly changes by decreasing the excitation power and the PL intensity decreases very rapidly with increasing the reverse bias ͑external field͒ under the weak excitation ͓see Fig. 1͑b͔͒ . Note that the PL intensity decreases to 18%, when the reverse bias is increased to −3 from +4.25 V. We attribute these PL spectral variations with decrease of the excitation power to the decreased excitation depth. This hypothesis can be easily confirmed because of the existence of the ERL. That is, the n + -type ERL which is located below the active region is more weakly photoexcited by the weak photoexcitation. We observe systematical decreases of the PL intensity for ERL relative to the main blue emission band, when the excitation power is decreased to 0.1 from 10 mW. But it is not surprising to find out that the ERL PL band does not show any discernible changes in intensity with bias at all excitation levels, since the ERL is heavily doped to n + type ͑ϳ10 19 cm −3 ͒. However, when the reverse bias is increased, the intensity of the main PL band around 480 nm certainly decreases more slowly under the intense excitation, in contrast to the case of the weak excitation.
These variations of the PL intensity quenching by the reverse bias ͑reverse field͒ at various excitation powers can be explained in the following ways. Figure 3 illustrates the potential diagram of the MQW diode under the ͑a͒ weak and ͑b͒ intense excitation conditions. When the photon penetration depth is shallow as in Fig. 3͑a͒ , the photogenerated electron-hole pairs are not uniform across the MQW layer and more carriers are excited in the front well layer near the p-type barrier. Therefore, the photogenerated holes can escape more easily from the active well layer, when the reverse field is increased, leading to the rapid decreases of the PL intensity. However, under the intense excitation ͓see Fig. 3͑b͔͒ the MQW layer is rather uniformly excited and photoexcited carriers are generated deep into the bottom well layer. This is evidenced by the strong increase of the PL intensity for ERL. Therefore, the PL intensity of the main blue band results in slow decrease with increasing reverse bias, since holes generated in the bottom well near the ERL FIG. 1. PL spectra of a blue In 0.3 Ga 0.7 N MQW-LED with an additional n-type In 0.18 Ga 0.82 N electron reservoir layer ͑ERL͒ as a function of forward ͑positive͒ and reverse ͑negative͒ bias voltages at 20 K under ͑a͒ intense ͑ 10 mW power͒ and ͑b͒ weak ͑0.1 mW power͒ indirect excitations at a wavelength of 325 nm. Note that the main PL peak around 480 nm shows a moderate ͑strong͒ intensity reduction in ͑a͒ ͓in ͑b͔͒ with increasing the reverse bias voltage, accompanying blueshifts, while the ERL emission at 405 nm does not change its intensity. A small line seen at 650 nm is due to the laser scattering. must tunnel through the multiple barriers to escape to the p electrode. This result means that the hole escape process instead of the electron-hole wave function overlap changes is playing an important role in the radiative recombination efficiency in the active InGaN MQW layer under the reverse bias conditions. In other words, the PL emission efficiency under the reverse field is limited and reduced by the tunneling escape of holes, in spite of the fact that the QW potential is flattened as a result of the compensation of the piezoelectric field by the reverse field, as confirmed by Stark blueshifts.
Very recently, Chichibu et al. 9 reported by studying positron annihilation experiments in InGaN alloys and QW layers that the hole capture processes by localizing valence states associated with atomic condensates of In-N play a very important role for the radiative recombination efficiency in InGaN materials. Our observation of the external field effects on the PL efficiency under the different photoexcitation depths may also indicate the importance of the hole capture ͑localization͒ processes in the active regions, since the radiative recombination efficiency is strongly modified by the hole escape ability under the presence of high density defects.
In summary, photoluminescence properties of a blue In-GaN MQW diode with a n + -type ERL have been investigated as a function of bias voltage and excitation power. When the reverse bias is increased, the PL intensity of the main blue emission decreases due to external field-induced carrier escape from the radiative recombination centers within the wells, but the degree of reduction strongly depends on the excitation power because of the different photon penetration depths. Enhanced escape of photoexcited carriers under the weak photoexcitation suggests that hole escape processes play an important role in the radiative recombination efficiency in the active region of the diodes.
FIG. 3. ͑Color online͒ ͑a͒ Under the weak excitation the photon penetration depth is shallow, so that the photoexcited holes from the active MQW regions can escape more easily, leading to the rapid decreases of the PL intensity with increasing the reverse bias. ͑b͒ Under the intense excitation the MQW layer is rather uniformly excited so that the main MQW band is more slowly decreasing with increasing the reverse bias, since photogenerated holes deep in the MQW regions need to traverse many barriers to escape from the active region.
